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1. INTRODUCTION 

Wireless Power Transfer researches have been going on for multiple decades. The major 
contribution of this area made by Inductive Power Transfer (IPT) which implement the usage of magnetics 
(inductors or cores) [1-3]. Other than IPT, Capacitive Power Transfer (CPT) and Acoustic Energy Transfer 
(AET) are also available [4-6]. CPT has been one of the major researches in building sustainable engineering 
system nowadays, as part of the encouraging development of wireless power transfer due to its strong anti- 
interference ability of the magnetic field [7]. The most significant difference of these types of wireless power 
transfer system is in terms of the coupling between transmitter and receiver side in which CPT uses electric 
field propagation [8, 9] while IPT uses magnetic field transfer [10, 11] and propagation of sound waves is the 
method used in AET [12, 13]. 

Despite of its reliability, the IPT system is having weaknesses which is unable to penetrate metal 
shielding due to low anti-interference ability of the magnetic field, and also larger eddy current produced by 
IPT thus indicate higher losses [14]. These issues are then enhanced by implementing CPT approach. In CPT, 
strong anti-interference is able to reduce energy loss and electromagnetic interference, a part from enabling 
the particular device to work in saturated or intense magnetic fields environment. The basic idea of a CPT 
system 1s as shown in Figure 1. 
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Figure 1. Basic CPT System with bipolar configuration 


From Figure 1, CPT system consists of two major parts which are the transmitting unit and the 
receiving unit and is separated by a medium 1.e. air/ skin/ paper/ etc. Building CPT system by using class E 
inverter is, at the moment, the most reliable method for higher frequency applications [13-15]. On top of that, 
this type of inverter is also used because of its simple topology and the ability to achieve very high efficiency 
in return. This is due to the Zero-Voltage Switching (ZVS) characteristics of class E which is able to produce 
100% switching condition [16]. 

The most common configuration found in previous works is that the C, and C2 are located parallel to 
each other to form bipolar configuration [17] which consists of two sets of transmitter and receiver plates 
[14, 18, 19]. The transmitter plates have been driven by a high frequency inverter with a 180-degree phase 
difference by a high alternating voltage. The receiver plates, on the other hands, are connected to the load. In 
Figure 1, when one primary plate is positively charged, the other primary plate has a negative charge and 
therefore phase altering potentials exists there. An alternating electric field produced by this process caused 
power to be delivered to the load. 

Apart from its advantages, CPT is currently having major issue regarding the output efficiency as 
separation distance is increasing. In the previous work [20], the gap between the capacitive coupling need to 
be lesser than 1mm for basic circuit configuration with class E inverter in order to achieve efficiency of 
98.44%. Besides, there was also a gap distance analysis which concluded that as distance increases, the 
efficiency of the system is tremendously decreases exponentially. 

This work is delivered to perform performance comparison of different materials of the capacitive 
plates for the existing class E CPT system with an impedance matching circuit. Besides, this work is also 
done to validate the theory which mentioned the factors affecting the capacitance values are the plates area, 
plates distance, and dielectric materials [21]. To the authors’ knowledge, to date, there is no result on the 
comparison of output efficiency of CPT system for different type of material available, instead most of them 
explained about the effect of outcomes based on different dielectric materials of the CPT system [9, 17, 22, 
23]. Hence, this work aims to study the underlying problem and then to propose the best material to be 
applied in the framework of CPT system. The contributions from this paper can be summarized as follows: 
(i) this paper focuses on introducing different materials which are copper, zinc and aluminium as the 
alternatives to act as capacitive plates in a CPT system with Class-E resonant inverter topology and a ala 
impedance matching network; (11) the output voltage of the system can still be maintained over 50% from 
optimum values even after 10 pieces of papers were overlaid in between the plates. This indicates the 
reliability of each material chosen to be capacitive plates; (iii) the effects on performances’ outcomes are 
analysed in terms of Zero-Voltage-Switching (ZVS) condition and output voltage and being compared for all 
three materials used. 

Section 2 will be focusing on the background study, Section 3 is the experimental setup, Section 4 is 
about the experimental results, and the last section is concerning on the conclusion and the enhancement 
work for the future. 


2. BACKGROUND STUDY 
2.1. Class E circuit configuration 

One important feature of the CPT system as highlighted in Figure 2 is class E circuit configuration. 
This type of circuit configuration consists of a power MOSFET operates as a switch, a L-C-R; series-resonant 
circuit, a shunt capacitor C7, and a choke inductor Ly [24, 25]. 

The Class E circuit configuration has been introduced by The Sokals. It is utilized because of its 
simplicity and the basis of the circuit operation which includes the unique principles of load network 
operation to achieve better efficiency [26, 27]. Figure 3 shows the power efficiency resulting from Class E 
circuit configuration. 
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Figure 2. Class E circuit configuration Figure 3. Optimum waveforms in Class E circuit 
for maximum power efficiency [26] 


However, the waveforms of Figure 3 in which the delay is increasing from zero until the other 
waveform has completed decreasing to zero, may only be formed by appropriate design of a non-resistive 
load network. The efficiency of the results could then be in a proper increment if the transition time of the 
switch is in an appreciable fraction of a half-cycle of the AC waveform. Furthermore, the ZVS operation, as 
the class E switching condition, able to minimise the switching loss and leads the converter to have high 
converting efficiency even when the converter works at high frequency. Based on the theory, the class E 
amplifier can work from several megahertz to dozen of megahertz with a high-speed power transistor [28]. 


2.2. Impedance matching circuit 

Impedance matching has been used to increase the amount of power extracted in a power 
conditioning circuit in [29]. Moreover, by using impedance matching, [18] succeed to achieve output 
efficiency as high as 95.44% while still able to produce a stable sinusoidal signal to drive the capacitive 
coupling based on flat rectangular copper plates, and operated at 1MHz. 

CPT system in this work used a ala impedance matching circuit where a capacitor is added parallel 
to the load (Ri). There are several types of matching outlined by [25] and one of them is by tapping the 
resonant capacitance C to accomplish the impedance transformation, as shown in circuit configuration of nla 
impedance matching circuit in Figure 4. The complete circuit configuration of class E inverter with the zla 
impedance matching network is given in Figure 5. 





Capacitive plates (nln! A1} 


Figure 4. nla impedance matching circuit [25] Figure 5. CPT system with class E inverter with nla 
impedance matching network illustrated by 
MATLAB Simulink [18] 


The reason of choosing this impedance matching is because it provides downward impedance 
transformation, and the added capacitor which is in parallel with the resistive load can maintain the efficiency 
of the circuit as series capacitor C2 later modified to capacitive coupling plates to fit the actual CPT system 
[27]. By using this circuit, the capacitor C3 can be calculated by using equations described in [25], as follows: 
The series equivalent resistance Rsis given by 
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The reactance factor, q for the Ri-C3 and Rs-Cs equivalent two-terminal networks is 


Rj XCs 


is rca mace (2) 


XC3 Rs 


Furthermore, resistances Rs and Ri as well as the reactance Xc, and Xc, are also interrelated by 





2 — + (3) 
and 


Xas Xc3 2 XC3 > (4) 








ga d (5) 


Meanwhile, substitution of (5) into (2) gives 


Xes = Rs oe (6) 


Later, one arrives at 


gain i _ m(n*-4) po 
X¢c2 = C 2. 16 Rs 1 (7) 


From (2) and (5), we have 


Rj Ri 





Xa === a (8) 
It follows from (8) that the resistances of circuit shown in Figure 4 can satisfy the inequality 

R, < Ri (9) 
Suboptimum operation is obtained for 

0 < Rs(sub) < Rs - (10) 
This corresponds to 

Ri S Ricsup) < ©. (11) 
Moreover, the amplitude of voltage across C2, VC2, can be determined by 

VOom= Xcolm (12) 


3. EXPERIMENTAL SETUP FOR CPT SYSTEM: DIFFERENT COUPLING PLATES 
The CPT system with impedance matching circuit is further utilized to analyse the effect of different 
types of capacitive plates as the transmitter and the receiver parts. This section describes the experimental 
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setup for different material of coupling plates. The specification for the system is tabulated in Table 1. Based 
on the specification in Table 1 and using equations given in previous section, the components values of the 
system 1s as listed in Table 2. 


Table 1. Pre-determined specifications of class E CPT power amplifier 


Specification Value 
Output power, Po 10W 
Input voltage, Vi 12V 

Duty cycle, D 0.5 

Frequency, f 1MHz 
Quality factor, Q 10 


Table 2. Values of components used for CPT circuit with nla impedance matching network 


Components Value 
Lehoke 100uH 
Cshunt 52. IpF 
Lseries 60.3 uH 
Ceries (C2) Capacitive coupling 0.15m x 0.16m (2.44nF) 
Ri 18Q 
Impedance matching (C3) 9.8nF 


Furthermore, Figure 6 shows the experimental setup which consists of a MOSFET driver, a class E 
circuit, and the resistive load, Rz. The plates used in this work were placed on the bookends to ensure their 
stability and reliability to transfer power wirelessly. Apart from the CPT system, the experimental works 
done by using three different materials commonly available in the market, namely Zinc, Aluminium, and 
Copper, as shown in Figure 7. 


Class E inverter + load resistor 


inc 


MOSFET driver 





Aluminium Copper 


Capacitive plates 


Figure 6. Experimental setup for the CPT system Figure 7. Different types of capacitive plates for 
aluminium, zinc, and copper 


All of these plates are of same size; 0.16m x 0.15m. The size is maintained to ensure that the 
outcome of this work will only be based on different types of capacitive plates used. This work is 
furthermore, objectified to provide significant evidence that the output power will not be affected by the type 
of materials used for capacitive plates. As mentioned in [21], the value of capacitance of a circuit will be 
influenced by plates size, plates distance, and the dielectric materials used. In this work, the dielectric 
material used throughout the experimental work is an A4 paper. To increase gap distance between the plates, 
the sheet of paper is increased by one per reading, as shown in Figure 8. 
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Figure 8. Sheets of A4 paper overlaid in between the capacitive plates (in circle) 


Based on Figure 8, the A4 paper utilized is 70 gsm which has thickness of 0.01 mm, and placed in 
between both transmitter and the receiver part of the system. The paper, which has dielectric constant 2.0-2.5 
[23, 30, 31], represented dielectric material which is one of the factors that will affect the capacitance values. 


fofr [22], 
whereby d is the distance between the transmitter and the receiver plate, and A is the area of the capacitive 
plate which is fixed at 0.05 m°. Besides, £, is a constant (8.85 x 10717), and €, is the relative 


permittivity/dielectric constant of the material. 


The particular capacitance value of the capacitive plates can be determined by using formula C = 


4. EXPERIMENTAL RESULTS 

By using several different materials as the capacitive plates, the outcome of this work are analysed 
in terms of the Zero-voltage-switching (ZVS) condition and the output voltage of the system. These analyses 
are very important for verifying the work because since this system uses class E as the power amplifier, ZVS 
analysis being an important factor to be taken into account as it will determine the efficiency of the system. 
The operation of ZVS is highly sensitive with the circuit parameters (namely L, C and R) varying. Practically, 
the resonant components of class E inverter will shift after the system has operated for a period of time. The 
load situation will also affect the resonant operation. This work will be focused on the effect of ZVS 
condition onto the output voltage of the system. Theoretically, the output voltage will terribly decrease as the 
ZVS is not achieved. 


4.1. Copper material as coupling plate 

The first material utilized in the series of experiments is copper. Copper is chosen because of its 
availability in the market, and also because of its position in the periodic table as among the best metals that 
is exist in solid type; Group 11. After being examined, the results of output voltage obtained are tabulated as 
in Table 3. 


Table 3. Output voltage for copper up to ten sheets of paper 
Sheet of paper 1 2 3 4 5 6 7 8 9 10 
Output voltage, Vou (V) 49 41 34 31 30 28 27 26 24 23 


The output voltage of the system is decreasing by the increment of the number of paper, as shown in 
Table 3. Besides, the particular results are also shown graphically by series of diagrams as mentioned in 
Figure 9, which explained the ZVS condition and the output voltage for copper. 
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Figure 9. Series of diagrams indicating the outcomes of CPT system using copper as the capacitive plates 


Figure 9 1, ii, and ili (a) indicate the ZVS condition of the Class E, and Figure 9 i, 11, and iii (b) show 
the output voltage of the system Based on Figure 9, the ZVS of the system is in a perfect condition when 
being separated by a sheet of paper only (see Figure 9 a (1)). Nevertheless, the waveforms formed are not in 
desired shape as the thickness of paper is increasing. Besides, the output voltage is also in desired value 
(more than 40V) when being separated by a sheet of paper only. As the thickness is increasing, the voltage 
drop is also getting higher. 

Besides, the complete measurement of the output voltage over distance for copper is as shown in 
Figure 10. The line graph shows an exponential decrease with distance, in which as the distance is increasing, 


the output voltage is getting lower. 
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Figure 10. Exponential decrease of output voltage over distance for copper 
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From Figure 10 it can be clarified that the initial voltage reading of 49V has decreased tremendously 
as the distance is larger, hence the lowest output voltage resulted for 10 sheets of papers which is around 
23V. Thus, the results formed by using copper as the capacitive plates are reliable as power can still be 
transferred wirelessly even the gap distance is getting higher. 


4.2. Zinc material as coupling plate 

The second material which has been used in the experimental work is zinc. Same as copper, zinc is 
chosen because of its availability in the market in metal sheet form, and the position in the periodic table of 
elements. Zinc is located in Group 12 which has lower metal strength yet comparable to copper. The results 
of output voltage produced by zinc capacitive plates are tabulated in Table 4. 


Table 4. Output voltage for Zinc up to ten sheets of paper 
Sheet of paper 1 2 3 4 5 6 7 8 9 10 
Output voltage, Vout (VY) 47 44 42.2 40 36 35 32 31 30 27 


By referring Table 4, it can be seen that the output voltage of zinc is decreasing consistently as the 
sheets of paper is increasing. Moreover, series of diagrams in Figure 11 are the experimental results in terms 
of the ZVS condition and the output voltage for zinc as the capacitive plates. 
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Figure 11. Series of diagrams indicating the outcomes of CPT system using zinc as the capacitive plates 
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Figure 11 i, ii, and iii (a) show the ZVS condition for 1, 5, and 10 sheets of paper respectively. 
While Figure 12 i, ii, and iii (b) show the output voltage for the experiment. By referring to Figure 11, the 
perfect desired waveforms are achieved by Figure 11 (1) which indicates the zero-voltage-switching condition 
and the output voltage for one sheet of paper. As the distance is increasing, the output voltage becoming 
undesirable even the reading can still be recorded, as the ZVS is not achieved. As mentioned in previous 
section, ZVS is the most important property of class E since it determines the efficiency of the system. 
Besides, Figure 12 shows the complete measurement of the output voltage over distance for zinc as the 
capacitive plates. The graph shows a linear decrease of output voltage with increasing distance. 
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Figure 12. Linear decrease of output voltage over distance for zinc 


From Figure 12, it can be shown that the initial voltage reading of around 47V has decreased 
linearly as the distance is larger. The lowest output voltage resulted for 10 sheets of paper which is around 
26V. Based on the graph even it is linearly decrease, the rate of decrement is not as smooth as shown by 
graph of copper in Figure 10. One of the factors of this phenomenon is because of the position of zinc which 
is in Group 12 of periodic table of elements. The elements in this group have weaker metal characteristics as 
compared to elements in Group 11 which represents the position of copper. 


4.3. Aluminium material as coupling plate 

Among those three materials used, aluminium is categorized as poor metal element and is available 
in Group 13 in the periodic table. This means that the metal characteristic shown by aluminium is the 
weakest among all. Besides the availability in the market in terms of sheet form, this is the reason of 
choosing aluminium as it is comparable to zinc and copper. After done the same procedure as copper and 
zinc, output voltage yield from the experiment is tabulated as in Table 5. 


Table 5. Output voltage of aluminium up to 10 sheets of paper 
Sheet of paper ii 2 3 4 5 6 7 8 9 10 
Output voltage, Vou (V) 45.8 43 39 36 35 33 30 25 23 21 


The output voltages of aluminium CPT system keep lessening from 45.8V of one sheet of paper, 
until 21V for 10 sheets of paper as shown in Table 5. This indirectly tells us that the output power is also 
keep declining from one sheet to ten sheets of paper. Moreover, series of diagrams in Figure 13 explains in 
details regarding the performance of the system in terms of ZVS condition and output voltage. 

Figure 13 i, 11, and 111 (a) shown the ZVS condition of the system, while Figure 13 1, 11, and iii (b) are 
the output voltage of the system. From Figure 13, Figure 131 (a) and (b) indicate the ideal situation of ZVS 
condition and the output voltage of the system. As the gap distance is increasing, the outcomes changed to 
non-ideal conditions. From these, authors are certain about the results which are aligned with the theory of 
class E CPT system in which the output power of a system will be worsening if the ZVS condition is not 
achieve. Besides, Figure 14 shows the complete measurement of the output voltage over distance for 
aluminium as the capacitive plates in graph. The graph shows a linear decrease by distance. 
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(iii) 10 sheet of A4 paper 
(a) ZVS condition (b) Output voltage 


Figure 13. Series of diagrams indicating the outcomes of CPT system using aluminium as 
the capacitive plates 
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Figure 14. Linear decrease of output voltage over distance for aluminium 


The initial output voltage reading of 45.5V, as shown in Figure 14, has continuous linear decrease as 
the distance is increased, which resulted lower output voltage resulted for 10 sheet of papers which is around 
21V. Same as zinc, the graph line of this aluminium is not as smooth as resulted from copper because 
aluminium is classified under poor metal category in the periodic table of elements [25]. 


4.4. Material comparison for better implementation of CPT circuit 

In a nutshell, based on the outcomes of the experiment, it can be concluded that all of the materials 
used in the experiments produced similar results. However, when being compared in details, the line graph of 
copper which shows an exponential decrease is more reliable than line graphs made by zinc and aluminium. 
This is aligned with the position of each material in the periodic table of elements in which copper and zinc is 
categorized under transition metals whilst aluminium is placed under the poor metals category. Since copper 
is placed in Group 11 and zinc is in Group 12 of the periodic table, copper shows better metal characteristics 
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especially in terms of output voltage as compared to zinc which has lower quality of metal characteristics as 
it is placed in Group 12. Therefore, it can be concluded that among these three materials, copper has the best 
quality in terms of implementation as capacitive plates, though all of them have potential to be the plates. 


5. CONCLUSION 

This paper explains the implementation of different materials as an alternative to act as the 
capacitive plates. The materials particularly aluminium, copper, and zinc, shown promising results and 
aligned with the theory of periodic table of elements. Generally, the value of output voltage is decreased as 
the gap distance between the plates is increased. The output voltage resulted from copper is better than zinc 
and aluminium since among these three materials, copper and zinc are classified as the transition metals but 
in different groups, whereas aluminium is in poor metal group. In future, adding a self-tuning circuit is a 
great improvement to enhance the system, especially in hardware implementation since the circuit added 
enables the output power to be increased firmly with suitable values and system. 
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